We investigated the hypothesis that the correlation between the class I HLA types of an individual and whether that individual spontaneously controls HIV-1 is mediated by the targeting of specific epitopes by CD8 ؉ T cells. By measuring gamma interferon enzyme-linked immunosorbent spot (ELISPOT) assay responses to a panel of 257 optimally defined epitopes in 341 untreated HIV-infected persons, including persons who spontaneously control viremia, we found that the correlation between HLA types and control is mediated by the targeting of specific epitopes. Moreover, we performed a graphical model-based analysis that suggested that the targeting of specific epitopes is a cause of such control-that is, some epitopes are protective rather than merely associated with control-and identified eight epitopes that are significantly protective. In addition, we use an in silico analysis to identify protein regions where mutations are likely to affect the stability of a protein, and we found that the protective epitopes identified by the ELISPOT analysis correspond almost perfectly to such regions. This in silico analysis thus suggests a possible mechanism for control and could be used to identify protective epitopes that are not often targeted in natural infection but that may be potentially useful in a vaccine. Our analyses thus argue for the inclusion (and exclusion) of specific epitopes in an HIV vaccine.
C
ontrol of HIV is associated with the expression of certain "protective" HLA alleles (1) (2) (3) (4) (5) . Although the mechanisms mediating this effect are not fully understood, evidence points to the induction of virus-specific CD8 ϩ T-lymphocyte (CTL) responses as the primary mechanism of control. In animal studies of AIDS virus infection, depletion of CTL leads to rapid loss of control (6) , while in human studies, in vitro quantification of the quality of T-cell responses is correlated with HIV control, with effective HIV-specific CTLs characterized by their ability to rapidly proliferate (7) , avoid exhaustion (8, 9) , and efficiently kill infected CD4 ϩ T cells (7, 10, 11) . These observations provided the rationale for the development of CTL vaccines, though such vaccines expressing full-length viral proteins as antigens have failed to induce protection or control in human trials (12, 13) .
While CTL responses are generally linked with natural HIV control, an important question is whether control is more likely if the CTL response is targeted against specific viral epitopes. Studies suggest that targeting predominantly the HIV Gag protein is correlated with control (14) (15) (16) (17) , while targeting Env (14) and Nef (16, 17) is correlated with progression, though the reasons for this differentiation are unclear. One hypothesis is that Gag-related protection is due to the relative abundance of Gag proteins soon after viral entry into a cell (18) , suggesting that broad Gag-specific CTL targeting should be the aim of a CTL-based vaccine. Another hypothesis is that targeting specific "protective" epitopes leads to control (19) (20) (21) (22) (23) (24) and that Gag just happens to have a high concentration of such epitopes. Recent evidence for this hypothesis includes the observation that targeting specific epitopes in Gag is linked with loss of control (21) , while targeting some regions outside Gag is linked with control (25) (26) (27) . If the latter hypothesis is correct, then identifying protective epitopes is an important step in the development of a vaccine.
One hypothesis that has emerged is that protective epitopes will be those that are mutationally constrained, meaning that CTL targeting of these epitopes followed by escape through mutation would weaken the virus. Perhaps the simplest way to estimate mutational constraint is to use overall sequence conservation. However, although this is an approach that is being actively pursued (20, 28) , studies to date have shown at best very weak correlations between the conservation of the sequences targeted by an individual's CTL response and viral control (25) , though there is some evidence that more careful definitions of sequence conservation that account for covariation may improve the link between targeting conserved elements and control (22, 24) .
In this study, we directly tested the hypothesis that targeting of specific epitopes mediates the correlation between HLA alleles and control by comparing the responses of untreated viremic controllers and progressors to all reported optimally defined epitopes. This approach is unbiased regarding HLA expression, an important consideration since many epitopes have been reported to be targeted in the context of more than one HLA class I allele (reviewed in reference 4). From these data, we identified specific epitopes correlated with control and used statistical methods to show that targeting of specific epitopes is a likely causal mechanism of HLA-mediated control-that is, that these epitopes are likely protective rather than simply correlated with control. Furthermore, we found that although protective epitopes were not distinguished by high levels of sequence conservation, they were distinguished by the tendency of intraepitopic mutation to destabilize the HIV protein structures. These observations provide insight into the mechanisms of natural control and provide a means by which we can identify protective epitopes that are not often targeted in natural infection but may be potentially useful in a vaccine.
MATERIALS AND METHODS
Study subjects. Subjects for the first part of the analysis were recruited from outpatient clinics at local Boston hospitals and referred from providers throughout the United States, following institutional review board approval and written informed consent. Controller status was determined based on the median HIV RNA levels over available samples prior to enrollment. Subjects were classified as elite controllers (n ϭ 98), viremic controllers (n ϭ 147), or progressors (n ϭ 96) if their median HIV RNA levels were below the limit of detection, Յ2,000 copies/ml, or Ͼ2,000 copies/ml, respectively ( Table 1) . The limit of detection was Ͻ75 copies/ml by branched chain DNA testing (bDNA) or Ͻ50 copies/ml by ultrasensitive PCR.
HLA typing. High-resolution class I HLA typing for HLA-A, -B, and -C was performed at the National Cancer Institute, National Institutes of Health, Frederick, MD, using sequence-based typing protocols developed by the 13th International Histocompatibility Workshop (29) . DNA for typing was extracted from whole blood using the Puregene DNA isolation kit (Gentra Systems, Minneapolis, MN) according to the manufacturer's instructions. HLA alleles were grouped at the 2-digit resolution level, with the exception of A*68, B*15, whose allotypes have divergent binding motifs (30) , and B*58, B*42, and B*35, which were previously reported to exhibit discordant associations with disease progression (31) (32) (33) (34) .
Assessment of HIV-specific CD8 T-cell responses. Gamma interferon (IFN-␥) enzyme-linked immunosorbent spot (ELISPOT) assays were performed with previously cryopreserved peripheral blood mononuclear cells (PBMC), using a panel of 257 peptides corresponding to optimal clade B cytotoxic T-lymphocyte epitopes (35) . For each subject, all defined CD8 T-cell epitopes were tested irrespective of the known HLA class I allele restriction. PBMC were plated at 100,000 cells per well with peptides at a final concentration of 14 g/l in 96-well plates and processed as described previously (36) . Medium alone served as a negative control and phytohemagglutinin (PHA) as a positive control. The numbers of specific IFN-␥-secreting T cells were enumerated using an automated ELISPOT reader (Cellular Technology Ltd., Shaker Heights, OH) and expressed as spot-forming cells (SFCs)/10 6 PBMC. Responses were considered positive if they had at least three times the mean number of SFC in the three negative-control wells and Ͼ50 SFC/10 6 PBMC (36, 37). Flow cytometry. Whole PBMC or expanded T-cell lines were stimulated with specified optimal peptides directly or with B-cell lines pulsed with the specified optimal peptides (2 g/ml), as previously described (38) . Briefly, stimulation was performed at 37°C for 6 h in R10 (RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 10 mM HEPES, 100 U/ml penicillin, and 100 g/ml strep- ϩ T-cell targeting alone, and the combination of both sets of observations. The prediction accuracy of one model relative to another was determined by comparing the areas under the receiver operating characteristic (ROC) curves generated using 10-fold cross validation to ensure out-of-sample predictions, while the Lasso penalty for each training set was determined using nested 10-fold cross validation. Significant differences in the areas under the curves (AUCs) were determined by estimating the variance of the AUC differences using a bootstrap approach (40) .
To identify HLA class I restrictions for each epitope, we assessed the significance of association between the presence of targeting that epitope and the presence of an allele using Fischer's exact test. To limit the effects of HLA linkage disequilibrium, we used a decision tree approach similar to that described previously (41) : for each epitope, we identified the HLA that was most significantly associated with targeting that epitope, then removed all individuals who expressed that HLA, and repeated the procedure until no HLA was associated with targeting at a P value of Ͻ0.05 by Fisher's exact test. To estimate q values, we took all contingency tables of all HLA-epitope pairs resulting from the decision tree and computed q values using the exact Fisher's exact test P value distributions of the tables (42) .
Directed acyclic graphical models were used to investigate the direction of cause and effect (43) . Each node in a graphical model corresponds to a random variable, while arcs correspond to assertions of cause and effect. In a given graphical model, an L1-regularized logistic regression model was constructed for each non-HLA variable/node with regressor variables being those of the parent variables (nodes) in the graph. To measure how well a model fit the data, we determined, for each sample (individual) in the data, the out-of-sample log likelihood summed over each regression node, using 10-fold cross validation. To compare these fits for two models, we tested for differences between these summed log likelihoods using a Wilcoxon matched-pairs signed-rank test.
In silico analysis of protein structural stability. To estimate the expected amino acid distribution at a given site, we estimated the thermodynamic stability changes caused by each of the 20 amino acids using the FoldX software package (http://foldx.crg.es/) and a six-step procedure, as previously described (44) . Briefly, the structures of p17 (Protein Data Bank [PDB] code 2GOL) (45), p24 hexamer (PDB 3H4E) (46), protease dimer (PDB 3IXO) (47), reverse transcriptase (RT) (PDB 1DLO) (48), integrase (PDB 1BIS) (49), Tat (PDB 3MI9) (50), Rev (PDB 3LPH) (51), Nef (PDB 1EFN) (52) , and gp120 (PDB 3JWD) (53) were mutated to the NL4-3 reference strain background, and the FoldX optimization procedure and probability-based rotamer libraries were used (54) to remove steric clashes and other estimation errors and to reconstruct missing side chain atoms. Then, the absolute change |ddG| in the Gibbs free energy was estimated using the FoldX software for each of the 20 amino acids. The expected frequency E[f ij ] of amino acid j at site i was then estimated using the Boltzmann distribution as the normalized negative exponential:
The expected entropy E[H i ] of site i was calculated as
The structural entropy of an epitope is reported as the average of E[H i ] over all sites i in the epitope. Standard sequence entropies were calculated in an identical manner, with E[f ij ] being estimated as the observed frequency of amino acid j at site i in a previously published alignment of full sequences sampled from approximately 1,800 chronically clade B-infected, antiretroviral (ARV)-naive individuals from North American and Australian cohorts (55) .
RESULTS
We evaluated the relationship between epitope targeting specificity and viral control in 341 persons with chronic untreated HIV infection and high-resolution HLA typing, including 245 HIV controllers (56) , who maintain viremia at less than 75 RNA copies/ml (elite controllers [EC]) or 2,000 RNA copies/ml (viremic controllers [VC] ) in the absence of antiretroviral therapy (median viral load of 160 RNA copies/ml), and 96 chronic progressors (median viral load of 23,800 RNA copies/ml) ( Table 1 ). In particular, peripheral blood mononuclear cells (PBMC) from all 341 subjects were tested for responses to HIV epitopes listed in the Los Alamos Immunology Database that are considered to be optimally defined in terms of epitope length and restricting class I allele (n ϭ 257) (35) using an IFN-␥ ELISPOT assay. Responses were scored as either positive or negative based on predetermined criteria (57) . All individuals were tested for responses to all epitopes. Consistent with previous work (41, 58), we found many undocumented responses to epitopes among individuals who did not express the HLA alleles reported to restrict those epitopes. Although it is possible some of these undocumented responses are CD4 ϩ specific, our experimental setup was unlikely to detect such responses, as CD4 T-cell-induced IFN-␥ responses typically require longer exposure time and CD8 T-cell depletion to be measurable (59, 60) . Nevertheless, to confirm CD8 ϩ specificity, we performed intracellular cytokine secretion assays to randomly selected responses among five individuals with the highest number of undocumented responses (40 to 50); CD4 T-cell responses did not appear to meaningfully contribute to our findings by flow cytometry (see Fig. S1 in the supplemental material). The frequency of responses from all individuals is shown in Table S1 in the supplemental material.
Epitope targeting mediates the association between HLA and control. To examine the relative contributions of HLA class I alleles and targeting of T-cell epitopes to viral control, we used L1-regularized logistic regression (39) to predict viral control based on these features. To increase power, we grouped together EC and VC and modeled the HLA alleles at the HLA type (formerly known as "two-digit level"), with the exceptions of A*68 and B*15, whose subtypes span multiple supertypes (30) , and B*35 (33) , B*42 (61) , and B*58 (31) , whose subtypes have differential effects on control. Specifically, we used groups Px and PY for B*35 and modeled the remaining exceptions at the four-digit level.
Using receiver operator characteristic (ROC) curves to evaluate predictive performance (Fig. 1) , we found that the combination of HLA class I alleles and targeting of T-cell epitopes better predicted viral control than HLA class I alleles alone (P ϭ 0.013). In contrast, HLA class I alleles did not improve prediction of control beyond that of epitope targeting alone (P ϭ 0.95). Thus, within our cohort, epitope targeting mediates the correlation between HLA expression and control. Similar results were observed when we used high-resolution HLA subtype information (Fig. 1,  right) , and the ROC curves were not improved when HLA homozygosity, HLA frequency, total epitope breadth, or proportion of responses in Gag was included in the model (data not shown). Also, epitope targeting could not be used to predict EC versus VC, justifying our decision to group these individuals into a single controller group.
We further investigated which epitopes were individually correlated with viral control by using L1-regularized logistic regression to predict control based on HLA alleles and epitope targeting. We constructed 1,000 bootstrap replicates of the data and measured the frequency with which each epitope appeared in the model. The targeting of eight epitopes was positively and significantly associated with virus control (bootstrap frequency, Ͼ0.5): Gag KF11, Gag QW11, Gag AS10, Env RR11, Env RW9, Nef HW9, Pol GK9, and Rev SL9 (Table 2 ). In contrast, the targeting of 21 epitopes was significantly associated with chronic progression ( Table 3 ). Note that while we use 0.5 for our bootstrap frequency threshold for significance, there is no general standard (see Tables 2 and 3 and Table S1 in the supplemental material for specific values).
When we repeated this analysis with exclusion of individuals who expressed the well-established protective B*57 and B*58:01 alleles, seven epitopes were positively and significantly associated with control, suggesting that the predictive effect of epitopes extends beyond the well-characterized B*57/58:01 alleles. These included two new epitopes (Env RI10 and Gag GL8, both of which were just below the threshold of significance in the initial analysis), while three previously associated epitopes lost their association (Gag KF11, Nef HW9, and Rev SL9).
Protective epitope targeting causes control, while nonprotective epitope targeting is the result of loss of control. One explanation of the predictive ability of targeting beyond HLA alleles is that targeting is a cause of viral control. Another explanation is that increased virus load resulting from lack of control leads to the targeting of additional epitopes (62) . To explore the relative likelihood of these two explanations, we considered how well alternative statistical models uniquely consistent with each explanation predicted the data. Specifically, we first defined two groups of epitopes: those with a positive and negative trending association with viral control, where trends were determined using a (nonregularized) univariate logistic regression model with HLA alleles as covariates. We then fit each group of epitopes to two different graphical models: model A, a model in which HLA class I alleles determine viral control and this viral control, along with HLA restrictions, determines epitope targeting (Fig. 2A) ; and model B, a model in which HLA class I alleles determine epitope targeting and epitope targeting determines viral control (Fig. 2B) . Model A is consistent with lack of control causing targeting, whereas model B is consistent with targeting causing control (see Materials and Methods). Out-of-sample prediction accuracy using 10-fold cross validation was then measured for epitope targeting and control. For the group of positively associated epitopes, model B produced better predictions than did model A according to a Wilcoxon matched-pairs signed-rank test (P ϭ 0.05). In contrast, for the group of negatively associated epitopes, model A produced the versus false-positive rate of L1-regularized logistic regression models for the prediction of viral control on 341 subjects with chronic HIV infection. Models were trained using a mix of 2-digit and 4-digit resolution (left), as described in the text, and using all 4-digit types (right). The diagonal line represents uninformed predictions. The curve for predictions based on HLA restriction and epitope targeting deviates significantly from the curve for predictions based on HLA restriction alone, indicating significantly improved predictions when epitope targeting data are incorporated. Adding HLA typing information to epitope targeting does not improve predictions. P values are estimated using bootstrap estimates of the standard errors of the areas under the curves (AUC) and test adjacent curves as indicated. Table S1 in the supplemental material for coordinates with respect to polyproteins (Gag, Pol, Env). b The natural logarithm of the odds ratio that an individual will be a progressor or not given that he or she targets this epitope. Parameters are estimated using a nonregularized logistic regression model including all HLAs and epitopes. c The fraction of bootstrap samples in which the sequence is selected for inclusion in the predictive model.
better predictions (P ϭ 0.005). These results suggest that targeting of the positively associated epitopes is a cause of viral control, whereas targeting of negatively associated epitopes is a causal effect of the lack of viral control. The latter observation is further supported by our observation that individuals with higher viral load target more epitopes and at higher intensity (see Fig. S2 in the supplemental material), consistent with a model in which a higher viral load leads to a high cell surface viral peptide concentration that stimulates further responses (similar observations with respect to variant recognition within Gag have been reported previously [62] ). Note that these results suggest but do not prove cause and effect, as the models we examined were by no means exhaustive. For example, our models did not include latent variables. Furthermore, because we have sufficient statistical power to test only the positively and negatively correlated groups as a whole, our analysis does not rule out the possibility, e.g., that some negatively correlated epitopes cause lack of control. Here we refer to epitopes that are significantly associated with control as either protective (if the association is positive) or nonprotective (if the association is negative) epitopes. Protective epitopes are distinguished by protein structures that constrain immune escape. Having uncovered the possibility of a cause-and-effect relationship between targeting specific epitopes and control, we next explored a possible mechanism to explain why some epitopes cause control and others do not. We hypothesized that a protective epitope is one where immune escape substantially weakens the virus. We further hypothesized that an escape at a given position in the protein would weaken the virus if that mutation altered the stability of the viral protein, as can be estimated in silico through a physics simulation of the interactions among the atoms in the protein (see Materials and Methods). We performed these simulations for every protein with an available high-resolution crystal structural (portions of p17, p24, protease, RT, integrase, Rev, Tat, and gp41) and from these results constructed a measure of protection that we call structural entropy. In particular, for each position in the protein, we mapped the predicted change in protein stability (energy) due to an amino acid substitution to the probability that the amino acid would be observed in the population of circulating viruses: the greater the change in stability, the lower the probability. We did so for each possible amino acid substitution (including wild type) at a given position, yielding a probability distribution over the 20 amino acids. Finally, we defined the structural entropy of a site to be the Shannon entropy of this probability distribution and the structural entropy of an epitope to be the average entropy over all sites in that epitope. Thus, the structural entropy of an epitope can be viewed as a hypothesized surrogate for how readily the virus can mutate in that region without harm to the virus. Note that structural entropy should not be confused with classical sequence entropy that is based on the observed frequencies of amino acids in a given population (see Discussion).
The structural entropies completely segregated protective from nonprotective epitopes (P ϭ 0.001 by logistic regression, with covariates for each protein domain) (Fig. 3) , with the exception of the protective Env RW9 epitope, which spans important protein-protein interaction interfaces that mediate coreceptor (63), CD4 (64, 65) , and gp41 (63) binding. Results remained significant at a P value of Ͻ0.02 over all data sets resulting from the removal of one or two epitopes. Furthermore, the three protective epitopes that lay outside solved protein structures were similarly consistent with mutational constraint. In particular, gp41-RR10 lies on the N terminus of the lentiviral lytic peptide 2 (LLP-2) domain. Site-directed mutagenesis of position 1 of the epitope, which is associated with escape from A*31 and A*74 (55) , has been shown to dramatically reduce cell-cell fusion and associated cell death of CD4 ϩ T cells (66) . Interestingly, Rev-SL9 is immediately upstream of gp41-RR10 and also overlaps the gp41 LLP-2 domain, though in a different reading frame. Finally, Gag-AS10 lies on the proteolytic cleavage site for the capsid-spacer 1 (p24-p2) boundary, consisting of p2 positions 1 to 10; cleavage appears to be largely mediated by the interaction of the protease and cleavage site structures (for a review, see reference 67), and mutations within the AS10 epitope have been shown to disrupt p2 cleavage and drastically reduce viral infectivity (68) . These striking results suggest that a decrease in viral fitness due to escape after targeting is a possible causal mechanism for control.
Finally, we note that many of the epitopes tested have low structural entropies but were neither significantly protective nor nonprotective (Fig. 3) . These epitopes may be protective but lower on the immunodominance hierarchy and hence not targeted frequently enough to show significant protection. Indeed, 35 out of 49 of these epitopes were targeted in fewer than 10% of our subjects (compared to an average targeting frequency of 23% for significant protective epitopes) and thus are good candidates for protective epitopes.
A majority of noncontrollers are capable of targeting protective epitopes. Although our analysis identified only eight protective epitopes with high enough targeting frequencies to be detected, 215 of 461 (47%) responses to these epitopes were in individuals who lacked the published restricting HLA allele, consistent with previous reports in which a subset of these protective epitopes were frequently targeted by controllers who did not express the published restricting allele (41) . Such a high rate of undocumented targeting suggests that a vaccine including only these epitopes may cover a substantial proportion of the population. To further explore this possibility, we identified HLA-epitope associations using an iterative Fisher exact test that corrects for linkage disequilibrium (see Table S2 in the supplemental material and Materials and Methods), using a q value of Ͻ0.05 as a threshold to define HLA alleles associated with each epitope. Overall, 74/96 noncontrollers (77%) expressed at least one HLA allele that was linked with the presentation of a protective epitope, suggesting that a majority of individuals have the capacity to target these epitopes. Importantly, 340/341 individuals (99.7%) in the study express alleles that were statistically linked to nonprotective epitopes, highlighting the potential importance of vaccinating for specific protective epitopes and the exclusion of nonprotective epitopes. Although precise HLA-epitope restrictions will require further in vitro confirmation, these results highlight the potentially broad coverage that may be achieved by a vaccine that focuses on a small number of protective epitopes.
DISCUSSION
By comprehensively analyzing the IFN-␥ ELISPOT response profiles of 245 natural controllers, compared to those of 96 progressors, against all known optimally defined epitopes, we obtained compelling evidence that a primary mechanism of control associated with HLA types is mediated by the targeting of specific epitopes, providing a broad justification for CD8 ϩ T-cell based vaccines and identifying specific epitopes that are primary candidates for such vaccines. The set of identified protective epitopes covered multiple proteins, including the Env protein, and was characterized by a heightened tendency for intraepitopic variation for how readily the virus can mutate in that region without harming the virus. Each point corresponds to a specific epitope from a protein (indicated by color). Epitopes are grouped as being protective, nonprotective, or nonsignificant based on the analysis of the ELISPOT data. There is a significant difference between the structural entropies of the protective and nonprotective epitopes (P ϭ 0.001 using a logistic regression test in which the dependent variable is protective versus nonprotective and the independent variables are the structural entropy and the protein domain in which the epitope resides). The circled data point corresponds to the envelope epitope RW9, which spans important protein-protein interaction interfaces that mediate coreceptor, CD4, and gp41 binding. The reported P value includes this point.
to result in altered protein stability. These observations argue for the inclusion of specific epitopes in a vaccine, rather than whole viral proteins that may result in unfocused and unhelpful targeting, suggest that a hallmark of protective epitopes is a reduced capacity to escape the immune response through viral mutation, and provide an approach to identify additional protective epitopes.
Although the preponderance of evidence has pointed toward CD8 ϩ T-cell targeting as a causal mechanism behind HLA-mediated control (reviewed in reference 4), it has been difficult to prove this hypothesis. The most compelling evidence in humans has come from longitudinal studies, in which viral mutation led to loss of targeting of the immunodominant epitopes by the protective B27 (69-72), B57 (73), or B81 (74) HLA allele and was temporally followed by loss of control, though it is difficult to know if these results generalize to other alleles that are not characterized by such highly immunodominant targeting. In cross-sectional studies, one study provided some evidence that the targeting of a select set of epitopes in early infection improved prediction of CD4 decline beyond HLA typing information alone (21), while another study used a regression model that identified numerous overlapping peptide (OLP) targets as being predictive of reduced viral load in addition to HLA typing information (25) , each suggesting that relative control among individuals expressing similar alleles can be better predicted given epitope targeting information. Here, we extended these analyses by examining all reported optimal epitopes in a large cohort of persons with chronic infection and through two formal statistical approaches. First, we showed that epitope-specific targeting mediates the correlation between HLA and control in this cohort, as epitope targeting significantly improves prediction of viremic control compared to HLA typing alone, while HLA type information adds no predictive value beyond that of epitope targeting. Second, an additional analysis revealed that a model in which HLA control was mediated through targeting of epitopes positively associated with control was significantly better at explaining the data than a model in which HLA alleles directly predicted control while targeting was a function of HLA restriction and control. Importantly, we observed the opposite result for epitopes negatively associated with control: targeting of such epitopes in general appeared to be the result of loss of control, while lack of control was associated with a greater breadth and higher intensity of epitope targeting. These results thus provide new evidence that a subset of epitopes are causally protective, including epitopes outside Gag, and are thus primary vaccine candidates, though future longitudinal studies in early infection cohorts are warranted to confirm these results.
If certain epitopes are causally protective and not simply markers of the presence of specific allelic types or haplotypes, then certain characteristics are likely to be common among protective epitopes. A natural potential mechanism involves viral immune escape. If CTL targeting is effective at limiting viral reproduction, then there will be significant selection pressure that will favor viral variants that ameliorate the immune response by, for example, disrupting epitope processing (75) (76) (77) , HLA binding (70, 78) , and/or TcR recognition (79) (80) (81) (82) . The importance of such immune escape is suggested by the extent to which specific HIV polymorphisms are correlated with the expression of specific HLA alleles (55, (83) (84) (85) , as well as the observation that roughly a third of observed mutations in early infection are consistent with escape or reversion (86) .
Furthermore, protective alleles are distinguished by a tendency to select for escapes that abrogate HLA binding (55) and by a relatively high in vitro replicative cost of escape (24, 44) , indicating that selection pressure is sufficiently high-and the potential sites of escape are sufficiently limited-to warrant the selection of otherwise unfavorable viral variants. An attractive hypothesis has therefore emerged: protective epitopes will be those for which escape options are constrained.
It has therefore been proposed that protective epitopes will be those in regions with low sequence diversity (20, 25, 28) , as low sequence diversity generally implies that most variants reduce the replicative fitness of the virus enough to sustain purifying selection. Importantly, targeting of conserved regions has been correlated with a lower viral load (25), though we found no difference in sequence entropy between our protective and nonprotective epitopes (see Fig. S3 in the supplemental material) . Furthermore, when we used both structural and sequence entropy to predict whether a significant epitope was protective or nonprotective, structural entropy remained significant (P ϭ 0.004), while sequence entropy was not (P ϭ 0.85). Although there were only five protective epitopes wholly contained within solved structures, the fact that each structure that contains a protective epitope also contains at least one nonprotective epitope allows for some robust comparisons. Indeed, when we repeated the analysis on all 264 combinations resulting from the removal of one or two significant epitopes, the maximum P value observed for structural entropy (conditioned on sequence entropy) was 0.03, while the minimum P value observed for sequence entropy (conditioned on structural entropy) was 0.59. One possible explanation for this difference may be the extreme phenotype we employed: the overall range in effect size in one study was roughly one log in viral load (25) , whereas we are attempting to distinguish a more extreme controller phenotype. More simply, the lack of signal for sequence entropy in our data may reflect the smaller sample size of our data set, which is consistent with the weak correlation observed by Mothe and colleagues (|r| Ͻ 0.15) (25) .
The weakness of the previously reported correlation, coupled with the lack of association in our data set, is somewhat surprising and suggests that sequence conservation is at best a weak marker for epitope protectiveness. One explanation is that while sequence conservation suggests constraints on viral evolution, lack of conservation does not rule out such constraints. Indeed, in vivo, the virus must balance the replicative fitness costs of a mutation with the fitness gained by abrogating the immune response. For a sufficiently strong immune response, it may well benefit the virus to select for escape despite the incursion of replicative fitness costs. The net result will be an increase in overall sequence diversity, driven primarily by the frequency of the HLA in the population. Furthermore, even if mutation is impossible for the virus in isolation, compensatory mutations in other sites may ameliorate the replicative fitness costs (87, 88) . Such events will increase apparent sequence diversity but may still confer a protective advantage for certain epitopes: even though replicative fitness can be compensated, the requirement for multiple mutations increases the expected time until escape occurs and may provide a crucial window in early infection during which the immune system can effectively control the virus. A corollary to high sequence diversity resulting from effective epitope targeting is that high sequence conservation may simply be a marker for a typically ineffective immune re-sponse that does not mount sufficient selection pressure to drive viral diversification.
Our measure of structural entropy addresses these potential discrepancies between the protective ability of an epitope and how well the epitope sequence is conserved. In particular, an epitope with low structural entropy is one for which the majority of mutations are expected to alter protein stability and thus have low replicative fitness (44) . Although several of our epitopes were not located in available crystal structures, among those that were, structural entropy distinguished epitopes deemed protective by our ELISPOT data from those deemed nonprotective. The lone exception was a gp120 epitope that spans several protein-protein interaction domains (63-65) not measurable by the available structure but consistent with a constrained ability of the virus to mutate in this region. The ability of structural entropy to distinguish protective from nonprotective epitopes corroborates the causal role that targeting protective epitopes plays in natural viral control and is consistent with other data showing the existence of higher-order structural constraints on viral evolution, where targeting of these regions is associated with immune control (22) .
One drawback of looking at natural T-cell targeting is that targeting of subdominant epitopes is, by definition, observed infrequently, making it difficult to identify subdominant epitopes that may be protective. This difficulty is particularly present among individuals who have a low level of circulating virus and therefore a low level of circulating T cells of the effector phenotype, which is what is typically measured on these assays (89) . Our results indicate that mutational constraints in general, and structural entropy in particular, constitute a feature that is useful in identifying potentially subdominant protective epitopes for further study. Indeed, an important recent result indicates that vaccination against specific epitopes can substantially alter immunodominance hierarchies (90) , even if administered after the onset of infection (91) , validating the approach of designing a prophylactic or therapeutic vaccine to elicit such (hypothetical) protective subdominant targeting.
An alternative to our approach of measuring responses to known epitopes would have been to perform an overlapping peptide (OLP) scan of the entire HIV proteome. Limitations of this approach include the reduction of specificity, as each OLP may contain more than one epitope, and an increase in false-negative rates due to the oversize peptides and required processing (23, 62) , requiring additional follow-up to identify the protective epitopes. Two advantages of the OLP approach are that it provides an unbiased scan of HIV peptides and covers the entire proteome. Nevertheless, our in silico measure of structural entropy provides the opportunity to scan the entire proteome and identify additional peptide sequences for testing.
Our identification of specific protective and nonprotective epitopes argues for the inclusion (and exclusion) of specific epitopes in a vaccine, an approach that is currently in development by several groups (20, 25, 28) , and argues against expression of entire viral proteins. Finally, our observation that protective epitopes are distinguished by low structural entropy broadly confirms the hypothesis that protective epitopes are those for which viral escape is constrained and provides a means to identify additional subdominant epitopes that are potentially protective and thus candidates for inclusion in a vaccine.
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